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II. Introduction
For many future NASA missions, Li-ion batteries are the most attractive choice for the energy storage needs compared with competing technologies, such as Ni-H 2 , Ni-Cd, and Ag-Zn. In addition to providing higher specific energy and energy density, Li-ion technology can operate over a wider temperature range due to possessing nonaqueous based electrolytes. In recent years, good life characteristics have also been demonstrated, both in terms of cycle and calendar life, in a number of cell designs and chemistries. For these reasons, and the fact that the technology has aerospace flight heritage, Li-ion batteries have been baselined for a number of future NASA applications. For example, the next rover mission to Mars will utilize a Li-ion battery consisting of the same chemistry developed for the MER mission, differing only in the battery design and cell capacity. Missions to the outer planets, such as the Juno mission which will orbit the planet Jupiter, are also considering the use of Li-ion batteries. A key technical challenge of such missions to the outer planets is to provide an energy storage devise which can meet all performance requirements after a long cruise period in excess of five years. A number of advanced Li-ion chemistries are also being developed for future lunar applications, with the objective of increasing the specific energy and inherent safety, to be used for human rated applications. To verify the applicability of using Li-ion technology, and more particularly the products developed and manufactured by Yardney Technical Products for these future missions, on-going performance testing of cells and batteries is being performed, as will be described below.
III. Performance Testing of Li-ion Batteries for the Mars Science Laboratory
The next planetary exploration mission to Mars involving a robotic rover is the 2011 Mars Science Laboratory (MSL) mission, which will utilize a rover twice as long and over three times as heavy as the previously developed Spirit and Opportunity rovers of the 2003 MER mision. The primary objective of the MSL mission is to determine if the planet has ever been capable of supporting microbial life, which will be accomplished by collecting Martian soil samples and rock cores and analyzing them for organic compounds. In order to effectively carry out the science objectives, the MSL rover will use a radioisotope power system to generate the desired electricity, similar to other previously flown NASA spacecraft to Mars, such as the Viking landers in 1976. The "multi-mission" radioisotope thermoelectric generator (or MMRTG) utilized for MSL will enable long life for the rover, since it will not possess the disadvantages associated with solar arrays, such as lack of adequate solar intensity and fluctuating power levels that can occur when the arrays become covered with dust. Due to this robust power system, the MSL mission is being designed to operate a minimum of a full Martian year, or 687 Earth days, with the anticipation that it will likely continue to operate longer, similar to the MER mission which was designed to operate for 90 sols (or 90 Martian days) Furthermore, the Rover is expected to demonstrate long range mobility on the surface, being capable of traversing anywhere between 5 to 20 kilometers during its lifetime in search of desirable samples. 1 To augment the MMRTG in the power system a rechargeable Li-ion battery will be utilized, which will serve a number of functions throughout the mission, including:
(a) providing power during the launch phase of the mission, (b) assist the thermal batteries during the entry, descent, and landing (EDL) phase of the mission, and (c) support the power loads on the Martian surface that exceed the output of the MMRTG.
In fulfilling these functions, the rechargeable battery must meet a number of mission requirements for the mission to be successful, including:
(1) possess the ability to be stored 6-12 months prior use on the spacecraft, (2) being capable of providing 920 Wh with a voltage greater than 25 V and a maximum discharge current of 22A during the Launch phase, (3) possess the ability to withstand the cruise phase of the mission (9 month duration) while the battery is maintained at 50-70% state-of-charge (SOC) over a temperature range of -20 o C to +40 o C, (4) being capable of serving as a back-up power for any "turn to entry" maneuvers during the cruise phase, which consists of supporting 30 A pulses while the battery is in full SOC, (5) being capable of supporting the EDL power loads (i.e., 25 A short duration pulses), and (6) be capable of augmenting the RTG during the surface operations for at least 670 sols.
The operational requirements of the battery on the surface of Mars include the capability of:
(i) being charged and discharged over a wide temperature range (-20 o C to +30 o C), (ii) operate for over 2,000 cycles, in which the depth-of-discharge (DOD) shall not exceed 45%, and (iii) the operating voltage shall not dip below 25V.
In contrast to the MER mission, the temperature that the battery will be exposed to throughout the mission will be somewhat milder for the MSL rover, with an anticipated average temperature of +15 o C, although, the battery should be capable of operating over a much wider range of temperatures (i.e., -20 o C to +30 o C). Given the success obtained with the RBAUs developed for the MER rovers Sprit and Opportunity, Yardney Technical Products has been selected to fabricate the Rover Battery Assembly Unit (RBAU) for MSL, which consists of two 8-cell strings of 20 Ah (nameplate capacity) Li-ion cells connected in parallel. The selection of Yardney is, in part, due to the demonstrated heritage characteristics established under the MER program. The MER rovers were each designed to operate over a primary mission life of 90 sols (one sol, or Martian solar day, has a mean period of ~ 24 hours and 39 minutes), and have both far exceeded these initial objectives. As of May 11, 2009 , the rover Spirit has completed 1899 sols of operation and has traveled over 7,700 meters (~ 4.8 miles) and the rover Opportunity has successfully operated for 1878 sols, and has traveled over 16,00 meters (~ 9.9 miles) since landing. Thus, both rovers have exceeded the primary mission requirement (of 90 sols of operation on the surface of Mars) by over 20 times to-date. The role of the MER rechargeable Li-ion batteries is to augment the primary power source, the triple-junction solar arrays, and to provide power for nighttime operations. 2, 3, 4 Due to the demonstrated life characteristics on the two MER rovers, the same chemistry has been selected for the MSL mission to take advantage of their heritage. This technology was originally developed under a NASA-DoD consortium (including Yardney, the Jet Propulsion Laboratory, USAF-WPAFB, and NASA-GRC) established to develop aerospace quality Li-ion cells/batteries. 5, 6 The chemistry consists of mesocarbon microbeads (MCMB) anodes, LiNi x Co 1-x O 2 cathode materials, a low temperature electrolyte developed at JPL, encased in a hermetically sealed prismatic stainless steel can, 7, 8, 9, 10 originally developed and demonstrated for the 2001 Mars Surveyor Program (MSP'01) lander battery. The current baseline for the MSL mission will require a cell size between that of the MSP'01 design (33 Ah actual capacity) and the MER design (10 Ah actual capacity), with an ~ 24 Ah cell being needed, but designated as a 20 Ah nameplate capacity. Of note is the fact that the same chemistry has been adopted by the Phoenix Polar Lander, utilizing the previously developed MSP'01 cell size and battery, which successfully completed its mission on Mars. The attractive features of this technology include:
(a) high specific energy, (b) capability to operate over a wide temperature range, especially at low temperature, (c) low self-discharge rate, (d) high coulombic efficiency and (e) high energy efficiency.
Although the performance results demonstrated for the MER program, including both telemetry data 11 and supplementary ground testing 12 , are encouraging with respect to meeting the performance target of providing > 670 sols of operation for the MSL mission, there are significant differences between the two missions, with the latter possessing more challenging requirements, such as:
(1) much warmer temperatures predicted during the cruise phase of the mission, (2) increased power needs on the surface (i.e., higher discharge currents anticipated), and (3) the need to maintain a higher operating voltage during surface operation (25.2V vs. 24.0V).
For this reason, a number of performance tests have been performed on cells of similar chemistry to that of the MSL-design cells (e.g., MER heritage cells) to attempt to quantify the performance degradation associated with the conditions anticipated for MSL, including (a) the capacity loss and impedance growth brought about by being subjected to warm temperatures during cruise and (b) the power and capacity loss as a function of time (number of sols completed) and depth of discharge. In addition to addressing these issues by performing specific mission related testing, a number of generic performance tests were also performed to verify that the newly designed cell size performs in a similar manner to data previously obtained with the same chemistry. These tests include:
(1) discharge rate characterization as a function of temperature, (2) charge rate characterization as a function of temperature, A summary of the discharge rate characterization testing performed is displayed in Table 1 , in which the data generated on two cells is displayed. As shown, a number of rates were performed, including C/20, C/10, C/5, C/2, 0.75C, and 1.0C rates (all based upon a nameplate capacity of 20Ah). When discharged to 2.5V following a charge to 4.10V (using a C/5 rate and a C/50 taper current), the cells were observed to deliver an average of 24.9 Ah at a low rate (C/20) and an average of 23.5 Ah at high rate (C rate), or ~ 94% of the low rate capacity as shown in Fig. 1 for one of the cells evaluated. When these values are expressed in terms of the specific energy, the cells were observed to deliver an average of 140 Wh/kg at low rate and 128 Wh/kg at high rate, as illustrated in Fig. 2 which displays the results obtained for one of the cells. In general, good cell to cell reproducibility with respect to the rate capability was observed, as shown in Table 1 , based on the results of two. Key performance attributes, such as operation under mission relevant conditions, were generally validated on a greater number of cells (i.e., at least four cells) and/or assessed with battery modules. o C using different rates (i.e., C/20, C/10, C/5, C/2, 0.75C and 1.00C). Cell charged using a C/10 rate to 4.10V (C/50 taper current cut-off) and discharged to 2.50V. In performing these tests, all charging was performed at the respective temperatures using a C/5 charge rate (4.0A) to 4.10V, with a C/50 taper current cut-off. Although the possibility exists of lithium plating upon the anode in some Li-ion cell chemistries/designs when subjected to low temperature charging under these conditions 13 , no evidence of this was observed with any of the Yardney cell designs evaluated. As shown in Fig. 3 , good performance was observed at -20 o C with all of the rates evaluated, with over 18 Ah being delivered at a C rate discharge. The corresponding specific energy values are also excellent, as displayed in Fig. 4 , with over 100 Wh/kg being delivered at moderate rates (C/5) and over 90 Wh/kg observed using a C rate discharge. However, it should be noted that the acceptable end of discharge voltage of the MSL battery is anticipated to be 25V, corresponding to ~ 3.15V per cell. Thus, much lower capacity and energy is delivered when the end of discharge voltage is maintained >25V. This loss becomes more dramatic at the lower temperatures. This has necessitated the limitation of the discharge rate at low temperatures, especially at low battery states of charge and late in the mission.
Charge characterization testing was also performed on a number of cells at various temperatures, including 20 o , 10 o , 0 o , -10 o , -20 o , and -30 o C. A number of charge rates were evaluated, including C/20, C/10, C/5, C/2, 0.75C, and 1.0C rates. Although only moderate charge rates are anticipated for the MSL mission, there was a desire to fully characterize the charge behavior over a wide range of conditions. Even under these strenuous charging conditions at the lower temperature, there was no indirect evidence that any significant lithium plating occurred, as determined by the absence of an additional plateau on the subsequent discharge curves. 13 Comparable charge capacities were obtained irrespective of rates due to the nature of the constant current-constant potential charge regime. However, as expected, lower round trip efficiencies and more charge capacity was obtained in the constant potential mode at the higher rates.
A number of life characterization tests were also implemented to verify that the behavior is similar to that obtained with other cell designs, such as the MER cell (10 Ah actual capacity) and the MSP'01 cell (33 Ah actual capacity. These tests included performing 100% DOD cycling at different rates (0.4C and C/5) and temperatures (20 and -20 o C). In addition to this, surface operation mission simulation testing was performed to ascertain the cell performance under the anticipated variable load and temperature conditions. Results from these tests will be compared with test data obtained from previous mission, most notably the MER mission. 
IV. Performance Testing for Future Missions to the Outer Planets
As mentioned previously, one of the most demanding performance requirements of energy storage devices intended for missions to the outer planets is that they possess excellent storage characteristics; due to the long cruise periods involved which typically exceed five years. Since very little real time Li-ion storage data existed a number of years ago, due to the fact that the technology was in its infancy, a number of long term tests were implemented on Yardney cells to determine the storage characteristics as a function of temperature. This test consists of float charging two-cell packs at 50% SOC, corresponding to 7.26V or 3.63V per cell, at various temperatures (i. o and 0 o C to determine the health of the cells. In addition, some two-cell packs were placed on longer term storage, without performing the periodic characterization testing. To date, the cells have been on test for over eight years, with good performance being obtained over a wide range of temperatures. As expected, the greatest amount of capacity loss and impedance growth was observed for the cells that were stored at the highest temperatures (i.e., 40 o C and above). It should be noted that much higher capacity fade and impedance growth is anticipated if the cells were stored at a higher state of charge, based upon our previous test results as well as the findings of other groups. As illustrated in Fig. 5 , greater than 90% of the initial capacity is delivered after 7 years of storage on the bus when the temperature is 10 o C or lower. It is also notable that reasonable performance was even obtained when the storage temperature is as high as 40 o C. The behavior appears to follow typical Arrhenius temperature dependency, as found by other researchers investigating other Li-ion chemistries.
When the discharge profiles of a cell which was stored at 10 o C are compared periodically throughout the life of the test, as illustrated in Fig. 6 , it is apparent that there is minimal degradation of the operating potential on load, suggesting that the impedance growth throughout the storage period is not dramatic and the cell polarization has not substantially increased. This observation is supported by current-interrupt impedance measurements that were performed periodically throughout the life of the cell. At these mild temperatures, the impedance was observed to roughly double over a seven year storage period, as determined by performing C/2 discharges at various states-ofcharge (each 60 seconds in duration). 
V. Development of Advanced Chemistries for Future Applications
In recent years, effort has been devoted to developing advanced chemistries with improved performance over a wide temperature range. Although the existing proven chemistry utilized on previous missions, including MER and Phoenix, displays good performance over a reasonably wide temperature range (i.e. -30 to +30 o C), there is a desire to obtain better performance, especially at the lower temperatures using higher rates. Having such wide operating temperature capability alleviates some of the demands of the thermal management system, which can have benefits in terms of mass, complexity, cost and power. To obtain improved low temperature performance, modification of the electrolyte system is necessary to provide adequate ionic conductivity over the desired temperature range of operation. Thus, much of our focus has been upon developing advanced electrolytes based upon the optimization of carbonate co-solvent content, the use of low viscosity co-solvents (such as ester), and/or the use of electrolyte additives to improve the interfacial properties. 15, 16, 17, 18 In addition to electrolyte properties, it is well known that cell design attributes can have a strong influence upon the low temperature performance, including the particle size of the electroactive materials, electrode loadings, separator properties, etc. As illustrated in Fig. 7 , good rate capability has been demonstrated at -40 o C with an electrolyte containing a small addition of methyl propionate, namely 1.0M LiPF 6 in EC+EMC+MP (20:60:20 v/v %). For example, at a 1.0C discharge rate 65.8 Wh/kg is delivered when the cell is charged at room temperature, in contrast to cells containing the MER developed electrolyte which were observed to deliver < 10 Wh/kg under comparable conditions. In addition to providing good low temperature capability, cells containing the methyl propionate-containing electrolyte have exhibited comparable cycle life characteristics to cells containing all carbonate based electrolytes, similar to the baseline solutions, when evaluated at room temperature under 100% DOD conditions. Future work will be devoted to determining the resilience of such systems to high temperature cycling and exposure (i.e., > 30 o C), as well as possible strategies to further modify the electrolyte formulation to increase the robustness. In addition, effort will be devoted to evaluating advanced electrolytes in "next generation" Li-ion chemistries developed by Yardney Technical Products, which deliver higher specific energy and energy density. 
Conclusions
Li-ion batteries manufactured by Yardney Technical Products have been selected for use in the up-coming Mars Science Laboratory mission. The MSL mission possesses more demanding performance requirements compared to the MER mission, including much longer mission duration (~ 687 sols vs. 90 sols of design life), higher power capability, and the need to withstand higher temperature excursions. To meet these more demanding requirements, a larger cell size and battery were designed consisting of identical chemistry to that used in previously successful applications. A number of generic electrical performance evaluation tests have been performed on the MSL-design cell, and good discharge rate performance was observed over a wide range of temperatures. Life testing is on-going to establish that similar characteristics are displayed compared with the MER-design cells and batteries and to determine how they will behave under the anticipated MSL conditions. A number of prototype cells (7 Ah cells) have been subjected to long term storage on the bus (greater than 7 years) and excellent capacity retention was observed, especially when stored at low temperatures.
Lastly, cells containing advanced low temperature electrolytes have been observed to display excellent rate capability at temperatures as low as -40 o C, being able to support C rate discharges.
